The immune response to hepatitis B vaccination differs greatly among individuals, with 5-10% of healthy people failing to produce protective levels of antibodies. Several factors have been implicated in determining this response, chiefly individual genetic variation and age. Aiming to identify genes involved in the response to hepatitis B vaccination, a two-stage investigation of 6091 single-nucleotide polymorphisms (SNPs) in 914 immune genes was performed in an Indonesian cohort of 981 individuals showing normal levels of anti-HBs versus 665 individuals displaying undetectable levels of anti-HBs 18 months after initial dose of the vaccine. Of 275 SNPs identified in the first stage (476 normal/372 nonresponders) with Po0.05, significant associations were replicated for 25 polymorphisms in 15 genes (503 normal/295 nonresponders). We validated previous findings (HLA-DRA, rs5000563, P-value combined ¼ 5.57 Â 10
Introduction
More than 2 billion people have been infected with the hepatitis B virus (HBV), of which more than 350 million are chronic carriers. Each year more than half a million people die as a result of acute or chronic HBV infection. 1 Up to 90% of infants infected in their first year of life and about 10% of exposed, immunocompetent adults develop chronic infection, placing them at high risk of developing progressive liver disease, cirrhosis and hepatocellular carcinoma because of continual viral replication in hepatocytes. 2 Vaccination has been highly successful in preventing new HBV infections and has been implemented into the national immunization programs of more than 150 countries. However, 5-10% of healthy adults fail to produce protective levels of antibodies against the hepatitis B surface antigen (anti-HBs) contained in the vaccine. 3 The reasons for these individual failures are multiple, including physical factors such as age, gender, obesity, immunosuppression and smoking 4, 5 as well as variation in genes of the immune system. [6] [7] [8] [9] Several polymorphisms of the human leukocyte antigen (HLA) loci have been linked to variations in the immune response both to vaccination as well as natural hepatitis B infections. In particular, HLA-DR3 and DR7, which are in linkage disequilibrium with HLA-DQ2, have been shown to be associated with nonresponsiveness, 10, 11 whereas DRB1* alleles 1, 11 and 15 have been shown to be associated with a good response to HBV vaccination. 7 Although an association with these HLA class II genotypes has become increasingly evident, case-control studies that analyzed potential non-major histocompatibility complex (MHC) candidate genes have so far yielded conflicting results or have not been confirmed by other investigators. [12] [13] [14] [15] [16] To date, most studies have examined the function of just one or two genes in the immune response to HBV. A more extensive approach has recently been taken by Hennig et al. 17 who studied the association of 715 singlenucleotide polymorphisms (SNPs), across 133 candidate genes, measuring peak vaccine induced anti-HBs level and anti-HBc status in 662 infant vaccinees from the Gambia. The three most strongly associated genes identified in their first screen were MAPK8 (MIM: 601158), IFNG (MIM: 147570) and IL10RA (MIM: 146933), suggesting that genetically determined differences in interferon-g (IFN-g) activity, intereukin-10 (IL10) receptor variation and factors affecting T-cell differentiation influence the response to the hepatitis B vaccine. However, the only polymorphism that could be replicated in a second screen was a nonsynonymous coding change in ITGAL (MIM: 153370), a gene with a central function in immune cell interaction, which was shown to be associated with increased peak anti-HBs levels.
Recent developments in high-throughput genotyping technology have enabled the genotyping of hundreds of thousands of SNPs throughout the genome. 18, 19 However, association studies that test a large number of SNPs can lead to false-positive associations if multiple testing is not adequately accounted for. 20 At the same time, correcting for tens or hundreds of thousands of tests requires large and sometimes unrealistic sample sizes to maintain adequate statistical power while minimizing the accompanying risk of false-negative associations. To balance these costs and benefits, and because immunerelated genes have such a strong a priori probability of involvement in a variable immune response, we have adopted a focused approach to examine variation in 914 genes with a direct function in immunity and host defense.
Between 1996 and 2002, a long-term catch-up vaccination study was performed in Indonesia, investigating the protective efficacy of a two-dose vaccination schedule. 4 Here, we examine genetic variation in 914 immune candidate genes in participants of this study to implicate genetic variation that may have a function in determining postvaccination antibody titer, and perhaps, by extension, variation affecting the response to the HBV itself.
Results
Demographic details of patients and controls genotyped in both stages are summarized in Table 1 . As mentioned before, the two groups were matched for gender. All individuals genotyped resided on the Indonesian island of Batam or its immediate neighbors. Using principal components analysis, we did not detect evidence for significant population stratification in our study group. When compared to HapMap populations, the Indonesian group clustered fully within the two Asian populations, Japanese from Tokyo and Chinese from Beijing (Supplementary Figure S1 ).
Out of 935 samples genotyped in the first stage, 13 were excluded due to detection of a gender discrepancy between recorded data and genetic information. Samples with call rates below 90%, N ¼ 23, were also removed. Fifty-one samples were removed after detection of a close family relationship. Thus, 848 samples (372 cases and 476 controls) passed all quality control filters and were included in the study.
A total of 6091 SNPs were genotyped using an Illumina GoldenGate assay (Illumina Inc., San Diego, CA, USA), of which 391 had call rates below 90%, 12 had minor allele frequencies below 0.005 and 56 were out of Hardy-Weinberg equilibrium in controls after applying a Bonferroni correction. Hence, 5632 SNPs were analyzed in the first stage (Supplementary Table S1 Of the 260 successfully genotyped SNPs in stage 2, 25 attained P-values below 0.05 in the replication study after correcting for age ( Table 2 ). Of these, 13 were intragenic, including 4 nonsynonymous polymorphisms and 2 in the MHC region. None of the associated SNPs showed a significant P-value for the Breslow-Day test, implying a lack of heterogeneity in effect size among the two stages (Supplementary Table S3 ). After applying a permutation test for correction for multiple testing seven SNPs maintained their statistical significance (Table 2) . Consistent with previous reports, 21 we detected a strong genetic association between host response to hepatitis B vaccine and the MHC locus on chromosome 6 (rs5000563, most significant combined P-value ¼ 5.6 Â 10 -10 ; OR (95%CI) ¼ 0.60 (0.52-0.71)). Up to 11 polymorphisms within this region, spanning over 1.3 Mb, showed significant association in the second stage. Two of the SNPs are predicted to alter the protein sequence of BTNL2, rs2076523 (Lys196Glu), and HLA-DRA, rs7192 (Leu242Val) ( Table 2) .
Beyond the MHC, one of the SNPs that decreases host response to HBV vaccine and passed multiple testing Abbreviations: PL, placebo; V, vaccine.
Host response to hepatitis B vaccine S Davila et al Table 2 SNPs that reached Cochran-Armitage test for trend P-value below 0.05 in both stages Table 2) .
Two genes from the same family were implicated, transforming growth factor, b2 (TGFB2, MIM: 190220), and transforming growth factor, b3 (TGFB3, MIM: 190230). These genes are located on different chromosomes, and the detected polymorphisms were replicated in the second stage. In both cases, the SNPs were associated with a good response (OR (95%CI) ¼ 0.72 (0.62-0.85) to 0.79 (0.68-0.92), respectively) ( Table 2) . A nonsynonymous polymorphism, rs2232548 (Leu67Phe), in killer cell lectin-like receptor subfamily F, member 1 (KLRF1, MIM: 605029), was also found to be associated with vaccine responsiveness (P-value combined ¼ 3.5 Â 10 -4 ; OR (95%CI) ¼ 0.59 (0.45-0.79)).
Discussion
In this study we aimed to identify genes involved in the host response to hepatitis B vaccine in an Indonesian cohort. Several reports have associated genetic variability in the HLA locus with host response to hepatitis B vaccine in different populations. [21] [22] [23] Consistent with those studies, we detected a strong genetic association with the HLA region in the current Indonesian population sample. Out of 64 genotyped SNPs within the HLA region, 16 showed nominally significant P-values in the first stage (Supplementary Table S1 ). Of these 16, 11 were replicated in the second stage confirming the initial association. Six survived correction for multiple testing (Table 2) . Although most of the significant SNPs are in or near the HLA-DR region, which has been the focus of previous studies, the HLA region shows particularly complex and extensive patterns of linkage disequilibrium encompassing numerous genes involved in immunity. 24 A fine mapping strategy including human histocompatibility leukocyte antigen (HLA) typing may help to identify the functionally relevant alleles, though this task was beyond the scope of our project. Nevertheless, we believe that replication of this previously reported and highly plausible association indicates the validity of our experimental approach and population sample. A recent genome-wide association study reported association of the HLA-DP locus with chronic hepatitis B infection in Asians, 25 highlighting once again the importance of the highly polymorphic HLA locus in the host immune response to HBV. In our study we did not genotype any of the significant SNPs detected by Kamatani et al., 25 however, our population showed a significant association with HLA-DQB and DRA loci located 5 0 upstream of HLA-DP. All of them belong to the MHC class II molecules whose main function is to present antigens to CD4 þ T cells, leading to suppression or stimulation of antibody production against the presented antigen. Hence, one supposes that HLA alleles that fail to recognize or that bind only weakly to the s-antigen fragment found in the vaccine are associated with a poor vaccine response. Identifying such alleles could help guide the design of a next-generation vaccine containing peptides that such HLA alleles would be capable of binding and presenting to T cells.
It has been shown that genes outside the MHC region also have an important function in host response to hepatitis B vaccine, accounting for more than half of the genetic effects. 7, 9 One non-MHC gene emerges with highly compelling evidence of support in our study, FOXP1. FOXP1 is a transcription factor that is instrumental in regulating development of the antibody producing B cell. 26 It is encoded by a large gene, located on chromosome 3, consisting of 21 exons. The associated SNP, rs6789153, was located more than 15 kb away from the closest genotyped polymorphism within the gene itself, and was not in linkage disequilibrium with any of the typed SNPs within the gene. Additional study of the 3 0 region of the gene should help to establish a more definitive function of FOXP1 in the host response to the vaccine.
Two other genes outside of the MHC region showed consistent evidence of association, although they did not pass correction for multiple testing, LILRB4 and TGFB2. An SNP within the LILRB4 gene, rs1654668, was found to be associated with poor responsiveness (OR ¼ 1.34 (1.16-1.56)). LILRB4 encodes for a receptor protein expressed by dendritic cells, monocytes, macrophages and endothelial cells that on binding of MHC class I molecules triggers T-cell inhibition. 27, 28 This effect of suppressing inflammation has been shown in vivo in a mouse model. 29 In humans an inverse correlation between high expression of LILRB4 in patients that underwent organ transplant and development of chronic rejection has been reported, 30 which supports the anti-inflammatory effect of LILRB4. TGFB is a cytokine that has been shown to be involved in a number of processes in the liver, such as fibrogenesis and pro-apoptosis. 31 Its function on neoplasia during hepatocellular carcinoma remains contentious, but a recent paper has reported an increase in DNA copy number of TGFB2 in hepatocellular carcinoma infected with hepatitis C virus. 32 We have found that three genes outside of the MHC region, TNFSF15, C5 and CCL15, harbor more than one significantly associated polymorphism (Table 2) . Linkage disequilibrium among SNPs in two of these genes is high in our population, TNFSF15, r 2 ¼ 0.95 (Supplementary Figure S2 ) and C5, r 2 ¼ 0.88 (Supplementary Figure S3) . These results agree with the HapMap data from Asian populations (r 2 ¼ 0.97 in both cases), which diminishes the possibility of spurious association due to genotyping errors and implies that both association signals arise from the same, single, functional allele. Three SNPs were found within complement component C5 in the first stage of the study (Supplementary Table S2 ). Two of them were replicated in the second stage. C5 encodes for a protein known to be fundamental in inflammatory and cell killing processes. A polymorphism within the TRAF1/C5 region has been associated with susceptibility to rheumatoid arthritis. 33 Interestingly, two of the genes identified in this study, C5 and LILRB4, suggest that polymorphisms can disrupt a fine balance between the survival benefits of an acute inflammatory response to infection, and the destructive effects of chronic inflammation. As for CCL15, we did not observe a high degree of LD among the associated SNPs. However, a group of 10 SNPs on chromosome 17, where a cluster of cytokines is located, reached significant P-values in the first stage (Supplementary Table S2 ). Cytokines are secreted proteins involved in immune and inflammatory responses. Two of the SNPs cause nonsynonymous changes in the protein sequence, rs854625 in CCL15 (Ile24Thr), and rs1003645 in CCL23 (MIM: 602494) (Met123Val), though the effects of these polymorphisms on protein function have not yet been established, but should warrant further investigation. Five polymorphisms were replicated in the second stage, although the statistical significance of three of them was reduced after correcting for nongenetic factors such age. These results indicate a likely function for cytokines in host response to hepatitis B vaccine.
Detection of polymorphisms located outside of the HLA region that influence response to HBV vaccination has been reported recently by Hennig et al. 17 They identified six non-HLA genes associated with anti-HBs levels and anti-HBc status. Two of them, MAPK8 and ITGAL, were not included in our study. Two SNPs within CD58 (rs1414275, rs1016140) and one within CD163 (rs4883263) were genotyped in both studies; however, they did not reach any measure of significance in our population (Supplementary Table 1 ). Only one polymorphism within IFNG showed a significant value (rs2069718, P ¼ 0.012) in our first stage, although without any replication in our second stage (P ¼ 0.4). Although this SNP shows an r 2 ¼ 1.0 with the significant SNP (rs2069727) reported by Hennig et al. in the HapMap Asian populations, in the HapMap Yoruba, r 2 drops to only 0.29. Thus the potential function of variation in IFNG and hepatitis B vaccine response may deserve more attention in Asian populations. Considering the poor degree of replication between these two studies overall, there are several potential explanations: (1) their study was carried out in an African population whereas we reported results from an Asian group, (2) most of their subjects were below 20 years of age, whereas in our study the age ranged from 5 to 76 years and (3) both reports looked at different outcomes: peak anti-HBs levels and anti-HBc status by Hennig et al. and only antibody titer (anti-HBs) 6 months after the second vaccination in this work.
Here we report seven polymorphisms, six within and one outside of the HLA region, that achieved statistical significance after applying correction for multiple testing in a genetic association study of hepatitis B vaccine response in an Indonesian population. Identification of non-HLA genes likely to account for up to 50% of heritability to hepatitis B vaccine response 7 might help us to design more effective vaccines that will then decrease the percentage of nonresponders or low responders in the population.
Subjects and methods
HBV vaccine study group Our study sample came from a previous trial aimed at assessing the efficacy of a two-dose hepatitis B vaccination scheme, conducted on the Indonesian island of Batam. Study design, eligibility criteria, demographic characteristics and methods for virologic and immunologic measurements have been reported elsewhere. 4 This study initially screened 19 547 individuals over 5 years of age. Subjects who were anti-HBc, anti-HBs or HBsAg positive at entry (N ¼ 4802) were excluded. A two-dose vaccination schedule (Engerix-B, 20 mg l À1 recombinant HBsAg; GlaxoSmithKline Biologicals, Rixensart, Belgium) was completed in 13 315 subjects. To recipients of the study, the two doses were given in both the arms with either a 6-or 12-month interval. After 18 months, antibody titer was measured in 5025 subjects (Elecsys system; Boehringer/Roche, Mannheim, Germany). No response (that is, undetectable anti-HBs) was seen in 811 subjects, a low response (that is, anti-HBs 10-100 IU l
À1
) was detected in 773 subjects, 1495 subjects had a normal response (that is, anti-HBs levels in the range of 100-1000 IU l
) and 1946 subjects showed a high response (that is, anti-HBs 41000 IU l
) to the vaccine. 3, 34 The study was approved by the medical ethical review board of the Utrecht Medical Center. Consent forms were signed on recruitment by all participants. Ethical approval was obtained again in May 2006 for testing genetic factors influencing the vaccine response.
Sample selection
Sample characteristics were evaluated with the statistical software SPSS for Windows version 12.0.1 (release 2003; SPSS Inc., Chicago, IL, USA). For the first stage, 405 cases (that is, nonresponders, undetectable anti-HBs) were selected randomly and 530 controls (that is, normal responders, anti-HBs levels in the range of 100-1000 IU l À1 ) were chosen to match for gender against cases. An additional 304 cases and 538 controls were included in the second stage. The two groups were matched for gender, and a significant difference in age persisted in both stages after excluding samples that did not pass quality controls (Table 1) . Differences in vaccination schedule did not contribute to vaccine response. 4 Sample duplications and family relationships were identified using PLINK. 35 Pairs with an identity by descent proportion greater than or equal to 0.4 were considered to be first-degree relatives. In such instances, one member of each relative pair was dropped from the analysis (25 cases and 61 controls), retaining cases over controls or the sample with higher call rate if both belonged to the same group.
Principal components analysis 36 was used to check for signs of population stratification. No sample fell beyond three standard deviations from the mean in a principal components analysis of Asian HapMap populations, Chinese from Beijing and Japanese from Tokyo (Supplementary Figure S1 ). Thus, no samples were removed as population outliers and no further adjustments for population stratification were made.
DNA amplification DNA was isolated from frozen serum samples of 1068 normal responders and 709 nonresponders using standard protocols. Whole-genome amplification of DNA was performed by GenomePlex Technology (Rubicon Genomics Inc., Ann Arbor, MI, USA). 37 Of the 1777 total subjects selected, 1774 (99.9%) provided suitable DNA specimens for genetic analyses.
Candidate gene and SNP selection We adopted a two-stage study design 38, 39 in which a set of SNPs attaining a relatively liberal P-value in an initial case-control series (stage 1) was carried forward for genotyping in a second similar series of cases and controls (stage 2). Replication of significant P-values in the second stage and combined tests of significance across both stages were used to distinguish the few truepositive associations identified in stage 1 from the many false-positive results that occur by chance or as a result of population stratification or other biases in study design.
For stage 1, genotypes were attempted for a total of 6091 SNPs from 914 candidate genes. These genes were manually selected from the approximately 1700 genes with a direct function in the immune response after filtering for biological process and molecular function based on the PANTHER Classification System. 40 SNPs within each gene were chosen based on their likely functional importance, a minor allele frequency in Asian populations exceeding 5%, and for evenness of coverage. SNPs were identified using an in-house database, GISSNP that integrates data from public databases (Ensembl, Celera, NCBI) as well as proprietary data. A full list of the 5632 successfully genotyped SNPs is provided in Supplementary Table S1 .
SNP genotyping
Genotyping of 6091 SNPs was attempted according to manufacturer's protocols using GoldenGate assays on an Illumina BeadStation 500G (Illumina Inc.). 41 To minimize bias in genotyping errors, we included a mix of samples from responders and nonresponders in each plate. SNPs and samples with call rates below 90% were excluded from further analysis.
SNPs with P-values o0.05 in the Cochran-Armitage test for trend were selected for follow-up in the second stage. Genotyping of 252 SNPs was performed with an Illumina GoldenGate assay. The Sequenom iPLEX protocol. 42 was used for the genotyping of 46 SNPs that failed Illumina GoldenGate assay design.
Genetic association statistical analysis
Tests of Hardy-Weinberg equilibrium were calculated in the control group. A Bonferroni-corrected P-value threshold of 0.05/n was used to assess departure from Hardy-Weinberg equilibrium, where n was the number of SNPs successfully genotyped (n ¼ 5632). PLINK 35 was used to calculate the Cochran-Armitage test for trend, the Breslow-Day test, the Cochran-Mantel-Haenszel tests for combined evidence of association across the two stages and the permutation test for correction for multiple testing (N ¼ 1 00 000 permutations). Logistic regression was used to adjust for nongenetic factors such as age (Supplementary Table S3 ).
